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Abstract - A flight qualified laser radar called LAMP 
(LAser MaPper) is under development at JPL. LAMP is a 
guidance and control sensor that can form 3 dimensional 
images of its field of regard. The maps can be used for 
spacecraft rendezvous, docking, and hazard avoidance 
during landing and for rover traverse planning. LAMP 
operates by emitting high power, short duration laser pulses, 
which are directed by an internal gimbaled mirror in azimuth 
and elevation. When the laser pulses impinge on a surface, a 
small amount of the light is reflected back to the sensor and 
is collected by a telescope. On the way out, a laser actuated 
trigger starts a counter that is stopped by the return pulse. 
The counter value (time of flight) is proportional to the 
distance to the object. This paper describes the detailed 
design of the LAMP sensor. 
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1. INTRODUCTION 
A flight qualified, low mass, and low power 3 dimensional 
laser radar will enable a number of new missions and 
capabilities [ 13. Therefore, the Mars Technology Program at 
JPL has undertaken the development of a laser radar for 
guidance and navigation applications. The development of 
the instrument called LAMP (LAser MaPper) was initiated 
in year 2000 and will be flight demonstrated in year 2004 
PI .  
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A laser range finder is a device that measures the distance to 
a target, but the beam orientation is fixed. This is different 
from a laser radar, where the orientation of the beam can be 
changed. Laser range finders have been demonstrated on a 
number of previous missions as shown in Table 1. The 
primary use of laser range finders has been to obtain 
scientific data. This is fundamentally different from LAMP 
that will be used as a guidance and navigation sensor. 

Table 1. Missions usin 
Mission 
A 0110 15 
Mars Orbiter 1992 
Laser Altimeter 1 
Clementine 1994 
Lidar Inspace 1994 
Technology 
experiment 
Balkan 1995 
NEAR 1996 
Shuttle Laser 1996 
Altimeter 1 
Mars Orbiter 1996 
Laser Altimeter 2 
Shuttle Laser 1997 
Altimeter 2 
MPUDS2 1999 

Icesat/GLAS I 2003 

2004 

Discovery 
Program 
Mercury mission I 
DAWN - I Future 
Ranging - 
Discovery 
Program asteroid 
mission 

laser range finders 
Functionality I Status J 
Ran in Success 
Ranging Spacecraft 

Success 
Profiling Success 

The following guidance and navigation applications for 
LAMP are identified and discussed: 1) Capture of a Mars 
sample in Mars orbit. 2) Hazard avoidance sensor during 
smart landing on Mars. 3) Traverse planning for Mars 
rovers, 4) Rendezvous or docking with another spacecraft in 
earth orbit, 5) Small body landing/exploration/mapping. 

1) Capture of Mars samle in Mars orbit: A hture goal of 
the Mars program is to return a sample from Mars to Earth 
for detailed analysis. This is to be accomplished by sending 
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a spacecraft to the Martian surface, which will collect a soil 
sample, package it into a grapefruit sized container covered 
with retroreflectors for ease of location and launch it into 
Mars orbit. Subsequently, a Mars orbiting spacecraft will 
use a LAMP system to locate and home in on the sample for 
capture and return to Earth. [3][4]. 

2) Hazard avoidance sensor during smart landing on Mars: 
Previous landings on Mars have utilized either radar- 
controlled retrorockets or airbags to land on comparatively 
flat terrains with minimal hazards. Future missions will 
require landings in more geologically interesting areas of 
Mars [5]. Therefore, a sensor that is able to guide the 
spacecraft away from large boulders and hazards on the 
martian surface in the final stage of descent is required. The 
LAMP sensor can make topographical maps of the surface 
with sufficient range and resolution to guide a lander to a 
safe landing spot. 

3) Traverse planning for Mars rovers: The successful Mars 
Sojourner Rover and the twin Mars Exploration Rovers 
currently being built are using stereovision cameras to form 
3 dimensional images of their proximity [6]. This approach 
only works in the daylight and has low accuracy at long 
distances. LAMP has neither of these limitations, enabling 
more capable path planning. 

4) Rendezvous or docking with another spacecraft in Earth 
& LAMP can be used as the terminal sensor for 
rendezvous with other spacecraft in Earth orbit. LAMP is 
planned to make a flight demonstration of this capability in 
the near term [2]. 

5) Small bodv landing/exploration: LAMP can be used as 
both a science instrument and a landing sensor on an 
asteroid or comet nucleus. LAMP can be used to generate a 
topographical map of the surface and determine the rotation 
of the body, and it can be used as a combined altimeter and 
hazard avoidance sensor during an actual landing [7]. 

A microwave radar system could also be used to support 
some of the same missions, but would require more 
resources (i.e. size, mass and power) and would provide 
poorer performance. The angular beam width of LAMP is 
designed to be only 0.02", as compared to a typical 10" 
beamwidth of a microwave radar with a 10 cm aperture. In a 
rendezvous scenario, the larger beam width is not 
prohibitive, since it is possible to do loping to increase the 
angular resolution [8]. However, when generating a 
topographical map of a surface, the microwave-based radar 
has much lower resolution (or larger antennas). 

2. LAMP SYSTEMS DESIGN 
LAMP emits short, intense Q-switched pulses of infrared 
light, directed into the field by a lightweight rapidly steering 
2-axis gimbaled optical mirror. When the light pulses 
encounter an object a portion of the pulses are scattered 
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back, though the gimbaled reflector, into a 5 cm Cassegrain 
telescope. The range to the object is determined by 
measuring the elapsed time between the emission of the Q- 
switched pulse and its detection at the focal plane of the 
telescope. 

A diagram of the LAMP system is shown in Figure 1. By 
sweeping the internal gimbaled mirror, it is possible to form 
a three dimensional image of objects in front of LAMP, 
similar to the operation of conventional pulsed radar [8]. 

The ranging laser on LAMP is a passively Q-switched 
Nd:YAG microchip laser. The pulse repetition frequency 
(PRF) is about 10 KHz and the pulse energy is about 10 pJ 
with a wavelength of 1064 nm. An external 2.5W pump 
diode laser at 808 nm is connected though an optical fiber to 
the microchp laser. The diode pump laser is housed in a 
separate thermally controlled package because its 
temperature must be maintained to within 0.3"C to 
efficiently pump the microchip laser. Temperature 
excursions exceeding this leads to poor absorption of the 
pump light and results in reduced microchip laser output. 
The laser beam emitted by the microchip is shaped by optics 
to have a 0.02" divergence. 

When a laser pulse is emitted from the Nd:YAG microchip 
laser, some of the scattered light is detected by a fast Si-PIN 
detector, which starts a timer. A very fast Avalanche Photo 
Diode (APD) is mounted behind the classical Cassegrain 
telescope coupled to a series of high bandwidth amplifiers. 
When the light pulse returns, it generates a signal in the 
amplifiers that stops the timers when the signal crosses 
different thresholds. Since the dynamic range of the returned 
signal spans orders of magnitude a second Si-PIN detector is 
used to stop the timing chip when the APD approaches 
saturation. The timing c h p  has a clock frequency of 80 
MHz, but is able to interpolate to a resolution of 390 ps, 
equivalent to -2.5 GHz. 

The 2-axis gimbal allows programmable, 2 axis motion of a 
5 cm diameter beryllium mirror. It has an angular motion of 
10" on both axes and a sweep rate of lO"/sec with the slow 
axis and up to 1000"/sec using the fast axis. Thus, it can scan 
a lO"x10" area in 1 second3. A Vertical Cavity Surface 
Emitting Laser (VCSEL) behind the scan mirror is 
continually reflected from the back of the mirror onto a 
position sensing detector (PSD). At the time that the laser 
pulse is emitted, the VCSEL spot on the detector 
unambiguously indicates the angular position of the scan 
mirror and consequently, the position in the field from which 
the pulse is returning. 

With the current beam divergence of 0.02 degrees, and a sampling rate of 
approximately 0.1 degrees spacing in both azimuth and elevation, a small 
grid of data points is generated which is representative of the surface 
topography, but could conceivable, miss small objects between the sample 
points. A simple solution to this is to expand the beam divergence, but at 
the expense of the maximum operating range. 



Returned light 

Beam divergence 
Pulse repetition frequency 
Mass 
Power consumption (without heaters) 
Detection range (7 mm retro reflector) 
Detection range (lambertian surface) 
Range accuracy 

The LAMP processor is a 12.5 MHz, 32-bit MIPS WOO0 
Synova Processor with memory and RS422 interface. The 
processor controls the gimbal, monitors/controls 
temperature, reads the laser levels, reads the timing chip etc. 
The operating system is based on VxWorks. The 
processor/memory can accommodate various user 
applications. Table 2 summarizes key LAMP parameters 
and Figure 1 shows a block diagram of LAMP. 

0.02" 
10 KHZ 
6.4 kg 
33 Watts 
>10 km 
2.5 km 
Offset: 10 cm +0.04% of 

Sun exclusion angle 
Pointing accuracy 

1 range, random error 12 cm 1 I 
3" 
0.06" offset and 0.06" error 
(30) 

scans over the field of view while the PDM houses a diode 
laser that provides continuous laser input to the microchip 
laser is located in the OHA. The PDM is isolated from the 
OHA because of a narrow-band temperature control 
requirement on the diode laser. Finally, the electronics 
assembly houses the driving electronics and the 
processor/communications. 

The OHA consists of a chassis (optical bench), access 
covers and sub-assemblies responsible for performing the 
functions of the unit. The sub-assemblies include: laser 
launch optics, 2-axis gimbal, a telescope, detector 
assemblies, and passive optical elements. A rendering is 
shown in Figure 2 and a photograph is shown in Figure 3. 

In addition to these major sub-assemblies, the OHA includes 
several minor components such as a solar filter, fold mirror, 
window, and scanner encoder. The solar filter is a piece of 
glass, with a diameter of 52 mm, located between the 
scanner and the telescope that only transmits laser light (and 
Sun light in a narrow band pass around the laser 
wavelength). The fold mirror, which is positioned along the 
telescope axis, directs the light at a 90" angle from the 
launch optics to the gimbal mirror. The window is a piece of 
sapphire glass that allows the laser beam to exit and enter 
the sensor. The window is tilted at an angle with respect to 



the nominal optical axis to reduce 
scattered light into the telescope. 

the amount of back- 

Figure 2 - Optical Head Assembly 

temperature of the laser diode within a narrow band about its 
nominal (20f0.3"C). The PDM consists of a housing, cover, 
laser diode, circuit card assembly, temperature sensor, 
heating element and connectors. The housing and cover are 
machined from aluminum and provide a thermally 
conductive path for dissipating the heat fiom the laser diode 
and heating element. 

Figure 4 - Pump Diode Module 

The Electronics Unit consists of seven electronic modules 
inside a machined aluminum housing. The modules are: 
processor board, I10 board, driver board for the scanner, 
timing board for measuring time of flight, power supply, 
current driver for the pump laser and high voltage supply for 
the APD detector. The backplane and module designs are 
based on the CompactPC1 3U Packaging Specification [9] 
and the I10 connectors are mounted on the fiont panels of 
the 3U modules. The unit is conduction cooled and the 
power dissipation of the unit is about 30 watts. Heat is 
transferred by conduction ffom the electronic modules to the 
unit housing via heat sink bars on the printed wiring boards. 
A rendering of the EA is shown in Figure 5 .  

Figure 3 - Photograph of the LAMP optical head assembly 
without the top panel. The laser beam has been added for 

illustration. 

The optical bench is the component to which all the parts 
and assemblies in the OHA mount. The optical bench also 
contains four mounting feet for mounting the OHA to the 
spacecraft. The optical bench is a single piece part machined 
out of a block of aluminum. The optical bench is designed to 
provide alignment stability for the optical elements when 
subjected to the thermal and structural environments of 
space missions. The back cover is the panel used to mount 
the electrical interfaces of the OHA. These electrical 
interfaces include connectors for the scanner, detector power 
and timing signals, and the fiber for the laser. 

Figure 5 -Rendering of the electronics assembly 
The second unit comprising the LAMP sensor is the Pump 
Diode Module (PDM). The PDM houses the laser diode that 
supplies the continuous laser input to the 1064 nm YAG 
crystal. The PDM is connected to the OHA via a fiber optic 
cable. The function of the PDM is to maintain the 

4. LASER TRANSMITTER 
To meet the stringent power and thermal requirements of the 
system, the pump laser is thermally controlled with a large 
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Fiber cw radiator to space and a heating element. The temperature set 
point is 17"C-23"C with an accuracy of 0.3"C. A commercial 
fiber coupled pump laser with 2.5 W output from a 200- 
micron core fiber was chosen. The PDM maintains the 
temperature set point +/- 0.3"C to avoid changes in the 
wavelength. The pump laser is a standard 808 nm broad area 
laser diode that emits a multimode beam up to 
approximately 3 W continuous wave power. The device has 
an internal monitor photodiode for diagnostics as well as a 
thermistor temperature sensor for the closed loop 
temperature control. 

Micro 

Pulsed, 1064 nm Nd:YAG laser 
> 10 @/pulse, 10 kHz 

Figure 7 - Sketch of the laser transmitter 

The flight laser system will use an up-screened commercial 
part. The qualification and screening process has been 
tailored from Telcordia certification (GR 468-CORE) 
commonly used in power laser devices with some additional 
requirements due to the space environment. The main 
difference is the inclusion of radiation testing. Preliminary 
testing has shown that the overall laser system is not very 
susceptible to the radiation environment expected with any 
effects being annealed out at the higher optical powers. The 
fiber coupling to the laser head will also undergo pre- 
conditioning to ensure no degradation on orbit. A photo of 
the pump laser diode is shown in Figure 6. 

LAMP requires a compact, lightweight pulsed laser 
transmitter with energy per pulse of 10 pJ at a PRF of - 10 
KHz, a pulse-width rise time of less than 2 nsec, and no 
nulls in the far-field pattern of the beam. Stable average 
power, and low jitter and repeatable PRF are highly 
desirable. A passively Q-switched microchip Nd:YAG laser 
was selected as the laser transmitter. These lasers are simple, 
compact, and reliable sources with 1 to 100 kHz of PRF and 
nsec level pulses. The absence of control elements and 
continuous-wave laser pumping is a clear advantage of these 
lasers. The output wavelength depends on the host crystal 
used. Nd:YAG, Nd:YV04 and Nd:LSB crystals were 
studied in detail along with a variety of passive Q-switched 
crystals including Cr:YAG. Based on the analysis, the 
requirements and on the commercial availability of the 
crystals with the required specifications, the 
Nd:YAG/Cr:YAG combination was selected. The pump 
diode is coupled to the crystal combination via a 0.29 pitch 
Graded Index (GRIN) lens. A sketch of the laser system is 
shown in Figure 7 and Figure 8 shows a photograph of the 
microchip laser. 

.t - ".. . . . 

Figure 8 - Photograph of the microchip laser 

A diagram of the LAMP optics is shown in Figure 9. The 
transmit optics consists of three elements that collect the 
output fiom the microchip laser and expand it up to provide 
a 0.35 mrad divergence output beam. This output beam is 
reflected off an adjustable turning mirror that is used for 
transmitheceive alignment. A second fixed turning mirror 
that is in the shadow of the secondary mirror reflects the 
beam onto an axis that is parallel to the receiver optical axis. 
The beam reflects off the scan mirror and is transmitted out 
to the target through a sapphire window. 

Si 

APD 

Wil idow 

Figure 9 - Diagram of the LAMP transmit and receive 
optics 

The laser launch optics is housed in a part referred to as the 
laser optics block. The laser optics block provides the 
mounting interface between the microchip laser, the optical 
bench and the laser launch optics. The axial position of the 
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convex lens (shown in Figure 10) is adjustable thus allowing 
one to optimize the laser beam. Lastly, the launch optics 
includes a tip-tilt adjustable mechanism to control the 
orientation of a 90" turning mirror. This adjustment is used 
to co-align the output beam from the sensor with the 
telescope axis. The alignment of the optics block is not 
sensitive to translation or to rotation about the axis of the 
output beam. However, the alignment is very sensitive to in- 
plane rotations of the optics block with respect to the output 
beam. The optics block mounts directly to the optical bench 
to provide a highly conductive thermal path for heat 
dissipated in the laser crystal. This mounting scheme 
provides adequate constraints on the two in-plane rotations. 
The last feature of the launch optics is the start-pulse 
detector located on a Circuit Card Assembly (CCA). This 
circuit will be described later in this paper. A rendering of 
the laser optics block is shown in Figure 10. 

-START DETECTOR 

LATER INTERFACE 
(LASER NOT SHOWN) 

CONCAVE LENS 

ADJUSTABLE 
CONVEX LENS 

"i-WTlCS BODY 

Figure 10 - Laser optics block 

5. SCANNER 
The purpose of the 2-axis gimbal (scanner) is to point the 
outgoing laser beam and collect the incoming reflected 
signal. The 2-axis gimbal consists of a mirror mounted to a 

spring-actuator system. The springs are trefoil flexures 
integrated into the yoke that have a specified rotational 
stiffness (non-linear), while the actuators consist of coils and 
magnets. The electromotive force generated when current is 
applied through the coils creates a moment about the 
azimuth and/or elevation axis. The amount of current 
(proportional to the voltage across each coil) is proportional 
to the moment about each axis. The angular deflection about 
each axis is a h c t i o n  of the moment and the rotational 
stiffness. Therefore, the angular rotation about each axis is a 
function of the voltage across each set of coils. The 2-axis 
gimbal utilizes various materials to meet its functional 
requirements. The mirror is machined from beryllium to 
reduce mass and provide high stiffness. The magnets are 
neodymium-iron-born to produce a strong magnetic field for 
the coils. Finally, the yoke is made from titanium to 
optimize the stiffness, strength and fatigue properties of the 
trefoil flexures. A rendering of the scanner is shown in 
Figure 11. 

Scan Mirror EWt ion Cctl 

Elewfion Magnets (2) 

Bracket, Eievahcn Magnet Motim Contrd 

Azimuth Magnets (4)- 
Azimuth Magnet (a 

Aarrnrth Cal(2) 

Brucket, 
Aomuth Cal(2)-- 

yoke capable of rotating about two axes, azimuth and 
elevation. The mirror is nominally oriented at a 45" angle 
with respect to both the telescope axis and sensor output 
axis. The maximum angular range of the scan mirror about 
the azimuth axis, defined to be collinear with the telescope 
axis, is f5". The maximum rate of rotation about the 
azimuth axis is 1 Hz- The maximum angular range of the 
scan mirror about the elevation axis, which is normal to the 
plane defined by the azimuth axis and sensor Output axis, is 
f3" (since the laser beam is reflected off the mirror, this 
results in a range of f6" for the beam). The maximum rate of 
rotation about the azimuth axis is 100 Hz. The angular 
motion of the mirror about both axes is controlled by a 

,--Bracket, Moticn 
Ccntrol Yoke 

Figure 11 - Rendering of the 2 axis gimbal 

The scanner board in the electronics assembly serves two 
functions. ne first is to provide efficient drive for the slow 
and fast axes of the 2-axis gimbal assembly. The second is 
to monitor the position ofthe beam at all times since the 2- 
axis gimbal is operated in an open loop fashion. 
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The drive for the fast axis provides +/- 0.2A peak for the 
voice coil. This input in full scan mode is a triangular 
waveform that normally has a 20 ms period. A linear drive is 
utilized because of the relative low power level (as opposed 
to utilizing Pulse Width Modulation (PWM) based 
circuitry). The electronics protect the scanner from being 
driven against the mechanical stops. The slow drive signal is 
likewise triangular and has a period of 1 second in full FOV 
scans. A PWh4 dnve signal for the slow axis is produced by 
the IO board. This simplifies the scanner board drive 
circuitry. The peak drive required by the slow scanner axis 
is +/- 0.7 A. A choice of two gain levels is provided to allow 
increased resolution at small angles. 

The scanner encoder measures the angular orientation of the 
scan mirror by measuring the position of a laser beam 
reflected from a mirror mounted on the back of the scan 
mirror. A VCSEL is used to illuminate the scanning mirror. 
This was chosen because of the low optical power 
requirement, a reasonable beam quality and the fact that 
these types of lasers are very robust with extensive 
environmental testing being performed for the telecom 
market. The laser has a nominal output power of 1 mW at 
850 nm and includes a monitor photodiode in a TO46 can 
[lo]. The light is reflected off of a small lightweight mirror 
mounted on the back of the gimbal mirror. The Position 
Sensing Detector (PSD) [ I l l  is a 1 cm square, bi-lateral 
device. This detector senses the location of the focused 
VCSEL laser spot. The 4 outputs from the PSD are 
processed though 2 standard transimpedance amplifiers and 
2 biased ones. The analog-processed data are sent to the VO 
board and from there to the software that calculates the 
orientation of the outgoing beam. 

6. LASER RECEIVER 

The telescope assembly receives the incoming return beam 
from the scan mirror and focuses the beam onto the detector 
elements. The telescope assembly consists of five parts; 
barrel, primary mirror, secondary mirror support, secondary 
mirror and baMe. The challenge in designing this telescope 
was the requirement that the focal length be as short as 
possible to accommodate the tight packaging requirements 
of the sensor. The telescope receives a 50 mm diameter 
beam and focuses it on a spot approximately 15 mm behind 
the back surface of the telescope. The primary and 
secondary mirrors utilize bipod flexure mounting feet to 
create a statically determinant interface between the mirrors 
and the support structure. These features are necessary to 
relieve the mirror of any pre-loaded stresses during 
assembly that may deform the mirror surface. The telescope 
includes a means of adjusting the axial position of the 
secondary mirror with respect to the primary mirror. This 
adjustment, which consists of shims, barrel and secondary 
mirror support, is used to position the focal point of the 
telescope at the desired location. A rendering and a 
photograph of the telescope are shown in Figure 12. 

Primary 

support 

Figure 12 - Rendering and photograph of the LAMP 
telescope 

As shown in Figure 9, the return signal passes back through 
the front window, off the scan mirror and through a 100 nm 
notch filter that minimizes the solar background. The signal 
then enters the 5 cm aperture F2.5 Casegrain telescope 
shown in Figure 12 that focuses the signal down onto the 
detectors. A beam splitter is used to split the stop pulse 
between two detectors. 

The detector assembly consists of two CCAs, a beam 
splitter, and an adjuster mechanism. The detectors used to 
measure the incoming beam are located on each of the 
CCA’s. The CCA’s and beam splitter are mounted together 
such that the APD detector receives 99% of the light passing 
through the beam splitter, while the Si PIN detector receives 
the remaining 1% reflected light. Once assembled, the 
positions of the detectors and beam splitter are fixed with 
respect to each other. The detectors and beam splitter mount 
to an adjuster assembly that provides the interface to the 
optical bench. The adjuster provides translation of the 
detectors in all three axes, thus the detectors can be properly 
aligned with the focal point of the telescope. This is shown 
in Figure 13. 
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ADJUSTER 
BAS E 

B E A M  SPLITTER SiPlN DETECTOR 

/-APD DFTECTOR 

Figure 13 - Detector Assembly 

The primary sensor is an Avalanche Photodiode (APD), 
which utilizes a strong electric field across the device to 
obtain an avalanche gain of approximately 200 to the retum 
signal. This is necessary to ampliQ the return pulse 
sufficiently to meet the range requirements. The APD 
chosen for this application is the Perkin Elmer C30954E, 
chosen for its high quantum efficiency (-0.4) at 1064 nm, 
and its rapid response time of 2 nsec [12]. Both the gain and 
the breakdown voltage of this detector are strongly affected 
by temperature, requiring thermal monitoring of the APD 
and variable bias application to maintain a constant gain. 
The dark current at 20°C is 300 nA after receiving a total 
dose of 10 Krad(Si). The detectors were purchased in bulk, 
and tested and flight-qualified by JPL for optimal 
performance in the anticipated environment. At close range, 
the return pulse will saturate the APD. To meet the range 
resolution under these conditions, a silicon PIN detector 
with much lower quantum efficiency (0.05), but an 
equivalent 2 nsec rise time is used. The detector is model 
PSS 0.25-5 from Pacific Silicon Sensor. The same detector 
type is also used to sense the timing of the exiting laser pulse 
by observing the residual pulse light scattered by the optical 
surfaces of the transmitting optics in the laser optics block. 

The APD receiver operates with approximately 300 volts 
reverse bias to provide the required amplification of -200 
for the electrons produced by the APD. Provisions are made 
so that it is possible to change the reverse bias to 
accommodate the temperature variations and to reduce the 

APD gain as the target gets closer to the instrument. The 
APD circuitry is shown in Figure 14. 

+300V I + 47K 
APD Limiter and Amplifier 

1 OK 

R 

100 pF 

Figure 14 - The APD circuitry 

The 47 KOhm resistor shown in Figure 14 is used to limit 
the APD current under condition of excessive amounts of 
light striking the APD. It also provides some protection to 
the APD if it inadvertently enters the Geiger mode. Also, it 
provides some filtering for the HV signal. The 100-pF 
capacitor serves to supply just enough energy to the APD to 
support “normal” level light pulses. The capacitance 
shunting the 10K resistor is due to the APD, the amplifier 
input, the Schottky diode limiter and to some parasitics. The 
total capacitance is estimated to be 4-5 pF resulting in a 
network bandwidth of 4 MHz (time constant -40 ns). While 
the light pulse rise time is 2 ns, the narrow bandwidth of this 
network does not impact it, but it dramatically reduces the 
Johnson noise contribution of the 1OK Ohm load resistor. 
The laser PRF is -1OKHz and is not impacted by the 40 ns 
time constant. The resistor R has a small value and is used to 
get a signal with lower amplitude. The output from the APD 
is fed to a 200 MHz low noise amplifier with a voltage gain 
of -2 1. This is sketched in Figure 15. 

In 
Timing board comparator 

T 

Low-levei bias g Ibo 
.n 

v 
Figure 15 - The OPA687 amplifier circuitry 

The OPA687 is configured as a voltage feedback amplifier 
with a gain bandwidth of 3.9 GHz, 0.9 nV/dHz and 2.0 
pA/dHz noise. The thermal noise of the lOKohm resistor is 
26 pVms [ 131. The input referred noise of the amplifier is - 
0.9nV/dHz.d200MHz = 13 pVms. The input referred 
current noise of the amplifiers is 
2.5nA/dHz.lOKOhm.d4MHz = 50 pVms. The SM ratio will 
be discussed later in this paper. The output of the receiver is 
back terminated with 50 ohms and drives the 
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comparatorllatch though a coaxial cable. In order to protect 
the receiver amplifier a Schottky diode is used across the 
input of the amplifier. Tests have shown that the diode is 
capable of protecting the amplifier chip. 

When LAMP is ranging a bright close target, the APD will 
receive -5 pJ pulses. This could potentially damage the 
APD and the receiver amplifier, but this is mitigated by 
reducing the high voltage reverse bias (under software 
control) to reduce the gain of the APD. This however, does 
not reduce the energy absorbed by the APD. Tests run of the 
APD with 10 pJ pulses has shown that the APD is immune 
to these short duration pulses and since the repetition rate is 
10 kHz less than 100 mW is dissipated in the APD. 

The Si PIN receiver and the start receiver are similar in 
design to the APD circuit. The demands on these circuits are 
much reduced and the detectors are operating at a few volts 
of reverse bias into a similar amplifier stage. 

The timing board receives a “laser start” and five “laser 
stop” signals from the receivers in the optical head and 
produces 5 distances corresponding to the 5 “stops”. The 
maximum distance measurement corresponds to -470km. A 
block diagram of the timing board and the stop channels are 
shown in Figure 16. 

The analog pulses coming from the optical head must be 
processed suitably before they can be used for the timing 
chip. The start pulse is level detected and is applied though a 
matched delay to the timing chip start input. The output of 
the start chip detector gates 4 of the 5 stop channels though 
AND gates. The delay can also be extended under the 
control of the IO board. The purpose of h s  delay circuitry 
is to prevent the output of the detectors from reaching the 
timing c h p  while the outgoing pulse is still being scattering 
in the optics. Efforts have been made to minimize the 
internal scattering in the optical head. 

Stop channel #1 is treated differently than the other stops. Its 
output is not inhibited by the start detector output. Therefore 
the output of stop #1 is immediately available for the timing 
chip. This is used for short distance measurements. It gets 
around the internal scattering problem by having its 
threshold set higher than the largest scattering signal. The 
other four stop channels are used to measure ranges distant 
enough to allow the scattering to decay sufficiently as to not 
affect the system. 

A scenario of a pulse coming from a great distance is shown 
in Figure 17. The Figure shows how the internal scattered 
light is gated out, and how the dim pulse returning is only 
bright enough to be detected by 2 of the 5 channels. Please 
note that due to the finite rise time of the laser, the stop 
pulse for stop #5 is generated a fraction of a ns before the 
stop of stop #4. 

In Figure 17, it is observed that the timing of the stop pulses 
was not simultaneous, but was different at the ns level. This 
information can be used to infer the brightness of the pulse 
and thereby improve the range estimate. The two highest 
gain signals are integrated and processed by 2 AIDS to 
provide intensity information about the targets. Emphasis 
was placed on delay tracing within the timing board and a 
temperature sensor, which allows for calibration of the 
channels output vs. temperature. 

The functionality of the timing chip resembles 5 
stopwatches. The timing chip could in principle be 
implemented using a 2.5 GHz accurate and highly stable 
oscillator and a binary counter for each channel. However, 
such a design is difficult and would have a very high power 
consumption of several watts. Also, Meta stable errors 
would be quite numerous at such a high frequency. (Meta 
stable errors stem from the asynchronous relationship 
between the local clock and the arrival of the laser pulses.) 

The timing chip was custom made at the Technical 
University of Oulu [14]. The chip is free of Meta stable 
errors and has an LSB resolution of 390 ps at a power 
consumption of 100 mW. The chip is designed by creating a 
32-bit stage phase locked loop, which is synchronized with 
the 80 MHz4. 

The timing chip is used to estimate the fraction of a clock 
cycle not captured by counting the elapsed time between 
outgoing and return pulses using an 80MHz clock. When the 
timing chip estimates the elapsed time between start and 
stop, it counts the time using the 80MHz clock. However, 
when it encounters the start pulse, it also reads the start 
interpolation register that contains information on the 
position of the traveling wave. The same thing happens 
when the stop signal is encountered. This whole process is 
illustrated in Figure 18. 

7. DIGITAL ELECTRONICS 

The Lamp Processor is a radiation hardened R3000 
microprocessor that has 4 Mbytes of EEPROM memory and 
64 Mbytes of SDRAM memory. At its maximum processor 
speed of 12.5 MHz it has a throughput of 10 MIPS. The 
software programmable clock rate feature allows for the 
system clock to be divided down to as low as -1OOKHz 
whch enables approximately a factor of 100 in power 
savings. Along with the processor and memory the board has 
an 8 channel DMA FPGA that is utilized to communicate 
with the I/O board. The serial interface FPGA can be 
programmed for synchronous or asynchronous protocols up 
to 4 Mbitslsecond. Software reset capability and a watchdog 
timer are implemented. The processor board is a 3U card 

In other words to put 32 digital buffers in series and have a clock signal 
propagate though the buffers as a “wave” 
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Figure 17 - Signals and timing diagram when receiving a dim pulse 

10 



format and has a nominal power draw of 2.9 watts at the 
maximum system clock and the serial and backplane DMA 
features running. A block diagram of the processor is shown 
in Figure 19. Board capability is summarized in Table 3. 

- i----j 
Figure 19 - LAMP Processor Board Block Diagram 

The I/O board provides all interface connections from the 
processor to the rest of the system. The only 
communications to the processor is through direct memory 
access port with 4 I/O requedgrant channels. All 
instructions come through this port. The UO board provides 
the horizontal and vertical scanning capability, which is 
driven through DMA instructions. The horizontal axis 
output is through a 12-bit D/A with a +/- 5V drive. The 
vertical axis is through a PWM output. All other output is 
through the digital control output word. Onboard input and 
output FIFO's help reduce the amount of DMA activity. 

Inputs are read from the timing board and assembled into the 
round trip time information of the laser pulse. Two A/D 
converters are used to read the gimbal mirror angles along 
with other voltage and temperature data. This data is read 
when the laser fiies and sent back though the DMA port to 
the processor along with a time tag. A block diagram of the 
I/O board is shown in Figure 20. 

The LAMP processing architecture is designed to support 
the different applications described in the beginning of this 
paper. The processor has sufficient computational power to 
process 10,000 3D points per second. This data can be used 

to determine relative motion between the spacecraft and a 
body (Mars landing, small body rendezvous), hazard 
evaluation (landing), surface mapping, or to support 
rendezvous operations (acquiring and tracking of a 
spacecraWobject). LAMP is also capable of transferring all 
collected data (via a serial port) to the spacecraft for further 
analysis or download. 

8. SOFTWARE SUBSYSTEM 
The software is functionally divided into two parts. An 
application specific process(es) that directs the data 
collection effort (when and how to scan), processes the data 
to retrieve relative motion information or hazard locations, 
and sends the informatioddata to the spacecraft via the 
serial port. The application software sits on top of a set of 
generic software routines called LAMPOS. LAMPOS 
provides the device drivers and auxiliary routines needed for 
communication and to control the LAMP hardware (power 
control, scanner control, IO operations, data formatting and 
movement). In addition, LAMPOS has routines that allows 
for sharing resources and providing process controls 
(starting and ending process, intra-process communication, 
clean-up, etc.). 

BOARD 
BLOCK 

DIAGRAM 

Figure 20 - Block diagram of the I/O board- 

9. POWER SUBSYSTEM 

The power subsystem consists of three main components: 
The digital and analog power converter, the current source 
power supply and the hqgh voltage power supply. The digital 
and analog power converter consists of 5V, 3.3V and 2.5V, 
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Figure 18. Timing estimation, Elapsed time: 3 * 12.5 ns + 7 * 390 ps - 28 * 390 ps = 29.31 ns 

which provide power to the digital circuits, and low noise 
f5V and f15V provide power to the analog circuits. It 
receives its input from the spacecraft 28V bus. In addition to 
DC/DC power converters, it also provides control circuitry 
for synchronization, ON/OFF command for the analog 
converters, temperature sensing, under voltage detection and 
slow start circuit to reduce input surge current. The current 
source power supply provides constant current for the pump 
laser. The control circuitry includes 5 digital bits to adjust 
output current, ON/OFF command and temperature sensing. 
The high voltage power supply is an adjustable voltage 
supply, which provides voltage to the APD. It can supply 
voltages up to 500V and 1 mA of current. The control 
circuitry consists of 2 digital bits to adjust the output voltage 
and temperature control to compensate the output voltage. 

10. ESTIMATED S / N  RATIO 

This section will show a calculation of the expected signal to 
noise ratio in LAMP. A scenario, when ranging a single 7- 
mm retroreflector at a distance of 5 km was chosen. The 
scenario is relevant for Mars applications when trying to 
detect an orbiting sample canister as discussed in the 
introduction of this paper. In Table 4 is shown a “photon 
budget’’ and different signal levels in Volts. 

Table 4. Signal to noise ratio terms for ranging a 
retroreflector 

3.56E-03 Volt 
8 Darkcurrent 1.96E-05 Volt 
9 APD noise 7.00E-04 Volt 
10 Johnson Noise 2.6OE-05 Volt 
11 Input referred amplifier noise 1.27E-05 Volt 
12 Input referred current noise 5.00E-05 Volt 
13 Sun induced background signal 1.95E-05 Volt 
14 RSS of noise voltages 3.68E-03 Volt 

~7 APD gain noise 

The following explanation is given for the numbers in Table 
4: 

1) The laser pulses are 10 pJ at 1064 nm. It is assumed that 
50% of the photons are lost in the launch optics and 90% are 
transmitted though the exit window. 
2) The outgoing beam divergence is 0.35mrads. This result 
in a beam area of 2.4 m2 at 5 km. Therefore, only 1.6*10-’ of 
the photons will intercept a 7mm diameter retro reflector. 
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3) The photons intercepted by the retroreflector have a very 
small beam divergence, but due to diffraction the 7mm 
retroreflector results in a 0.39 mrad returning beam 
divergence. Also, it is assumed that only 80% of the photons 
are transmitted in the retroreflector. The returning beam has 
an area of 3.1 m2 at LAMP. The telescope has an aperture of 
1.8.10" m2. Also, it is assumed that 10% of the photons are 
lost in the front window, 69% is transmitted in the telescope 
and 90% is transmitted though the solar filter. 
4) The shape of the laser pulse is that it rises sharply and has 
a much slower decay. In order to achieve accurate timing of 
the pulse, it is desirable to detect the pulse at the sharply 
rising part of the pulse. Therefore, it is required to detect the 
first 20% of the pulse. Also, only (conservative) 35% of the 
photons are converted into photoelectrons in the APD 
detector. The detected photoelectrons are on average 
multiplied with 200 in the APD diode. 
5) The pulse coming from the APD is stored in a 4.5 pF 
capacitor (as shown in Figure 14). 
6) The photoelectron noise is the square root of the detected 
photoelectrons multiplied by 200 (gain in the APD) and 
converted to a voltage over the 4.5 pF capacitance. 
7) As a first order approximation it is assumed that the gain 
noise of the APD is square root of 200 = 14 photoelectrons. 
This noise is generated for every single photoelectron and 
converted into a voltage. 
8) The dark current of the APD at 40°C and after having 
received total radiation dose is less than 3 pA. The 
bandwidth is 4MHz. Therefore the dark current noise is 
sqrt(2*e.IDc.B) = 2nA or 19.6 mV [15]. 
9) The APS noise is less than 35 pA/sqrt (Hz). The input 
bandwidth of the APD amplifier (shown in Figure 15) is 4 
MHz. 
10) Johnson noise over a 10 KOhms resistor with 4 M H z  
bandwidth [ 131. 
11) Described under APD previous 
12) Described under APD previous. 
13) In this number it was assumed that the sun is shining on 
the front glass (but outside the 3"-exclusion angle from the 
sun). 10% of the sun is absorbed in the front glass and re- 
emitted homogeneously in all directions. Some of this light 
reaches the detector. The DC value is converted into a 
voltage. 
14) The noise sources are RSSed together. 
15) The signal to noise is 13.7, which is sufficient to detect a 
signal. It is observed that the dominant noise source is the 
APD gain, which is proportional to the signal. T h s  means 
that LAMP has much longer detection range. Redoing the 
entire calculation shows that the S/N at 10 krn is still >4. 

11. SUMMARY 

Thls paper has described a laser radar that is being 
developed at JPL. The laser radar is designed as guidance 
and navigation sensor for rendezvous, landing and traverse 
planning applications. It will form a 3 dimensional image of 
its field of view. A block diagram of the sensor is shown and 
the overall system design is discussed. LAMP consists of 3 

individual boxes: 1) an optical head with gimbal, lasers, 
optics and detectors. 2) Electronics Assembly consisting of 
the processor, I/O boards, power supplies, drivers and 
timing board. 3) A small module containing the pump laser 
that has its temperature controlled very accurately. The laser 
transmitter consists of an 808 nm diode pump laser that 
pumps a passively Q-switched Nd-YAG laser. When the 
laser pulses leave the sensor, they bounce off a beryllium 
mirror that determines the orientation of the beam. The 
outgoing laser pulses will hit a target and a small fraction of 
the pulse will be scattered back to the sensor, where it is 
collected by a telescope and detected by an APD detector. 
The time of flight is proportional to the distance to the target 
and registered for all points. The signal to noise ratio 
achieved in LAMP is also discussed. 
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